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1. Introduction 

 

For estimating the capacity of the highway and railroads we used information available at the 

Arizona Department of Transportation (ADOT), at the Secretaria de Comunicaciones y 

Transportes (SCT), the Federal Railroad Administration (FRA) and the US Department of 

Transportation (DOT). Other sources of data were the Geographic Information System (GIS) 

maps provided by the Environmental Systems Research Institute (ESRI) ArcInfo software, 

together with its companion database maps of the World (2004). The detailed procedures for each 

link and node in the network of highways and railroads are explained next. 
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2. Highway Capacity 

There exist different methods for calculating the capacity of highways according to the specific 

characteristics (physical and flow) of the road segments. For deciding among the different 

methods we used the criteria provided by Highway Performance Monitoring System (HPMS 

2000) presented in Figure 1. 

 

Following the criteria from HPMS we determined the different types of roads present in the 

corridor (Figure 2). According to this classification we require the use of the freeway procedure 

for the I-19 highway and the Multi-lane highway for most of the Mexican roads, with the 

exception of the road between Empalme and Guaymas, which requires the two-lane procedure. 

Other types of roads include the urban streets in Hermosillo, Nogales, Benjamin Hill and Santa 

Ana. 

 

 
Figure 1 – Criteria for Selecting Capacity Calculation Procedures 
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We also present the procedures necessary to calculate the highway capacity according to HPMS 

(2001) capacity calculations. This appendix shows the detailed information and calculations 

necessary to estimate the capacity, volume and level of service (LOS) of a given highway. The 

detailed procedures are presented next: 

2.1. Freeway Procedure 
The main difference between freeways and multilane highways is that in the case of freeways, 

these roads are separated from the rest of the traffic and can only be accessed by ramps. The data 

required for calculating the capacity of the highway according to Highway capacity manual 

(HCM) is the one presented in Table 1; this table also includes some default parameters that can 

be used when specific data is not available for the roads. However, following the 

recommendations from the manual we collected as much data as possible by performing physical 

inspections of the roads and from the data collected by ADOT and SCT.  

 

 
Figure 2  – Classification of the Roads in the Corridor 
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Step 1: Calculate Free Flow Speed (FSS) 

The first step in the procedure is to estimate free flow speed (FFS) of the facility. HCM Equation 

(1) is applied directly: 

IDNLCLW ffffBFFSFFS −−−−= , 

where 

BFFS = base free flow speed 

fLW = adjustment factor for lane width 

fLC = adjustment factor for right shoulder lateral clearance 

fN = adjustment factor for number of lanes 

fID = adjustment factor for interchange density 

Base Free Flow Speed 

BFFS is set at 70 mph for urban facilities and 75 mph for rural facilities. 

 
Step 2: Calculate Base Capacity (BaseCap) 
The Base Capacity (passenger cars per hour per lane; pcphpl) of a freeway facility is based on 

information found in HCM Exhibit 23-3.  The following equations were developed based on this 

information: 

 
BaseCap = 1,700 + 10FFS;  for FFS <= 70 
BaseCap = 2,400; for FFS > 70  
 

Step 3: Determine Peak Capacity (PeakCap) 
The HCM 2000 procedure does not make adjustments to the Base Capacity in order to calculate 

level of service and performance measures. Instead, adjustments are made to the hourly demand 

volume.  However, for HPMS, the capacity of the segment, in terms of total vehicles per hour 

Table 1 — Required Input Data for Freeway Segments 
Required Data Defaults 

Geometric Data 
Number of lanes -- 
Lane width 3.6 m 
Lateral clearance 3.0 m 
Interchange density -- 
Specific grade and general 
terrain Level 
Base free-flow speed 120 km/h rural, 110 km/h urban 

Demand Data 
Length of analysis period 15 min 
Peak-hour factor 0.88 rural, 0.92 urban 
Percentage of heavy vehicles 10% rural, 5% urban 
Driver population factor 1.00 

(1) 

(2) 
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(vph), must be computed for a variety of analytic purposes. Therefore, the same factors used in 

the HCM 2000 to adjust volume are used to adjust base capacity instead. Essentially, these 

adjustments convert the units from passenger cars to vehicles and lower capacity to account for 

the effect of heavy vehicles. The procedure is based on HCM Equation (2): 

 
PHV ffNPHFBaseCapPeakCap −= *** , 

where 

PeakCap = HPMS Peak Capacity (Data Item 95), vehicles per hour (all lanes, one 

direction) 

PHF = Peak Hour Factor 

N = Number of lanes in one direction. Number of Peak Lanes (Data Item 87) 

FHV = adjustment factor for heavy vehicles 

fP = adjustment factor for driver population 

 
Following this same procedure we calculated the capacity and LOS of the I-19 highway. We then 

compared our results with the ones provided by ADOT, which render a difference within 3% 

between both capacities. We considered this difference as acceptable, given that the LOS in all 

the highways in the US and Mexico are not critical with the exception of the junction between the 

I-19 and I-10 highways. Then the results provided from our calculations are a reasonable 

assumption that should not overturn the results obtained. 

2.2. Multilane Highway Procedure 
In the case of the multilane highway, the roads have two or more lanes in each direction with a 

divided flow in both directions. The main difference with the freeway is that multilane highways 

have at grade crossings and sometimes can be accessed freely by merging traffic to the highway. 

The data required by multilane highways according to the HCM manual is presented by Table 2. 

As it was the case with the Freeway, Table 2 not only presents the information required, but some 

of the default parameters that should be used in the absence of specific data for the highways.  

 

(3) 
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The following is the list of activities required to estimate the capacity and the LOS for every 

specific segment of a multilane road: 

 

Step 1: Calculate Free Flow Speed (FFS) 
The first step in the procedure is to estimate free flow speed (FSS) on the facility. HCM Equation 

(1) is applied directly: 

AMLCLW ffffBFFSFFS −−−−= , 

where 

BFFS = base free flow speed 

fLW = adjustment factor for lane width 

fLC = adjustment factor for right shoulder lateral clearance 

fM = adjustment factor for median type 

fA = adjustment factor for access point 

 
Step 2: Calculate Base Capacity (BaseCap) 
The Base Capacity (passenger cars per hour per lane; pcphpl) of a multilane facility is based on 

the information found in HCM Exhibit 21-3. The following equations were developed based on 

this information: 

BaseCap = 1,000 + 20FFS;  for FFS <= 60 
BaseCap = 2,200; for FFS > 60  

 
Step 3: Determine Peak Capacity (PeakCap) 
The HCM 2000 procedure does not make adjustments to the base capacity in order to calculate 

level of service and performance measures. Instead, adjustments are made to the hourly demand 

volume.  However, for HPSM, the capacity of the section, in terms of total vehicles per hour 

Table 2 — Default Parameters  
Required Data Defaults 

Geometric Data 
Number of lanes -- 
Lane width 3.6 m 
Lateral clearance 1.8 m 
Median (Yes/No) -- 
Access-point density Exhibit 12-4 
Specific grade and general terrain Level 
Base free-flow speed 110 km/h  

Demand Data 
Length of analysis period 15 min 
Peak-hour factor 0.88 rural, 0.92 urban 
Percentage of heavy vehicles 10% rural, 5% urban 
Driver population factor 1.00 

 

(4) 

(5) 
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(vph), must be computed for a variety of analytic purposes.  Therefore, the same factors used in 

the HCM 2000 to adjust volume are used to adjust base capacity. Essentially, these adjustments 

convert the units from passenger cars to vehicles and lower capacity to account for the effect of 

heavy vehicles. The procedure is based on HCM Equation (3): 

PHV ffNPHFBaseCapPeakCap −= *** , 

where 

PeakCap = HPMS Peak Capacity (Data Item 95), vehicles per hour (all lanes, one 

direction) 

PHF = Peak Hour Factor 

N = Number of lanes in one direction. Number of Peak Lanes (Data Item 87) 

FHV = adjustment factor for heavy vehicles 

fP = adjustment factor for driver population. 1.0 for HPMS 

2.3. Rural Two-Lane Procedure 
Following the recommendations from HPMS we use the methodology that uses the average travel 

speed (ATS) from the HCM procedures. The data required to estimate the capacity is presented in 

Table 3.  

 

npp  - fV. FFS  ATS *007760=  

where:  

ATS = Average travel speed 

(6) 

Table 3 — Required Input Data: Two-Lane Highways 
Required Data Defaults 

Geometric Data 
Highway class Exhibit 12-10 
Lane width 3.6 m 
Shoulder width 1.8 m 
Access-point density Exhibit 12-4 
Specific grade and general terrain Level 
Percent no-passing Exhibit 12-11 
Base free-flow speed -- 
Length of passing lane Exhibit 12-12 

Demand Data 
Length of analysis period 15 min 
Peak-hour factor 0.88 rural, 0.92 urban 
Percentage of heavy vehicles Exhibit 12-13 
Driver population factor Exhibit 12-14 

(7) 
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VP = passenger car equivalent flow rate for peak 15 minutes 

fnp = no passing zone adjustment factor from Table 4. 

 

For HPMS purposes estimates of capacity are still needed. Therefore, instead of adjusting flow 

rates, (volumes) capacity will be adjusted by most of the same factors: 

NPHVG VffPHFpchCapacityWayTwo −=− )***200,3(  

where: 

PHF = Peak Hour Factor = 0.88 

fG = Adjustment factor for heavy vehicles 

fHV = Adjustment factor for heavy vehicles 

VNP = Volumen adjustment for no passing zones 

2.4. Urban Streets: Signalized Procedure 
Although some states do code these items for rural sections, a provision must be made to handle 

cases where the data are not present; this could also be true for some urban sections. In the cases 

where rural signalized sections have nonzero values coded for these data items, the signalized 

intersection capacity is used. When these data are coded as zero, the following procedure is used: 

CgPHFffNCA HVw /*****900,1= ,                                                                 (9) 

Table 4 - Adjustment (fnp) for Effect of No-Passing Zones on Average Travel Speed 

Reduction in Average Travel Speed (km/h) 
No-Passing Zones (%) 

Two-Way 
Demand 

Flow Rate, 
Vp (pc/h) 0 20 40 60 80 100 

0 0.0 0.0 0.0 0.0 0.0 0.0 
200 0.0 1.0 2.3 3.8 4.2 5.6 
400 0.0 2.7 4.3 5.6 6.3 7.3 
600 0.0 2.5 3.8 4.9 5.5 6.2 
800 0.0 2.2 3.1 3.9 4.3 4.9 

1000 0.0 1.8 2.5 3.2 3.6 4.2 
1200 0.0 1.3 2.0 2.6 3.0 3.4 
1400 0.0 0.9 1.4 1.9 2.3 2.7 
1600 0.0 0.9 1.3 1.7 2.1 2.4 
1800 0.0 0.8 1.1 1.6 1.8 2.1 
2000 0.0 0.8 1.0 1.4 1.6 1.8 
2200 0.0 0.8 1.0 1.4 1.5 1.7 
2400 0.0 0.8 1.0 1.3 1.5 1.7 
2600 0.0 0.8 1.0 1.3 1.4 1.6 
2800 0.0 0.8 1.0 1.2 1.3 1.4 
3000 0.0 0.8 0.9 1.1 1.1 1.3 
3200 0.0 0.8 0.9 1.0 1.0 1.1 

 

(8) 
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where: 
CA = intersection approach capacity 

N = number of lanes on the segment (one direction) 

fw = adjustment factor for lane width (use Equation 10) 

fHV = adjustment factor for heavy vehicles (use Equation 11) 

PHF = Peak Hour Factor (0.88 for rural, 0.92 for urban condition) 

g/C = effective green time-to-cycle length ratio. (0.55 for principal arterials, 0.45 for 

minor arterials, 0.40 for collectors) 

30
)12(1 −
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=

T
HV EHV

f                          (11) 

The g/C ratio default values given above attempt to account for, in a general way, the presence of 

exclusive turn lanes and phases.  

2.5. Capacity of Other Facilities 
For estimating the different facilities in the roads, we not only restricted ourselves to estimating 

the capacity of the road segments, such as the ones mentioned in Figure 1, but also to other 

facilities that are relevant for estimating the capacity of the corridor. These include toll roads and 

other type of road blocks that are not considered in the methodology for HPMS, but that are 

present in Mexican roads. To calculate the capacity of the toll booths in the corridor we used the 

information provided by the Instituto Mexicano del Transporte (2000), presented in Table 5. We 

also used the information from the Multimodal Corridor and Capacity Analysis Manual (1998) to 

determine the capacity of speed bumps and other particular situations along the corridor, 

particularly in the case of populated places, which presents on Table 6, a list of the most common 

facilities in any highway corridor, with its capacity estimation.  

Table 5 - Capacity of Different Toll Systems 
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2.6. Results 
Using the alternative methodology just mentioned, we developed a summary of the estimated 

capacity for a selected sample of segments on the road; these results are displayed on Table 7.  

The first segment is crossing the city of Guaymas, with its estimated flow of vehicles and the 

estimated capacity in vehicles per hour (not trucks), with a LOS of 0.23 or a 23% utilization of 

the road.  

 

Table 6 - Highway Capacity by Facility 

 

Table 7 - Capacity and Performance of the Nodes Sampled 

Node Lanes Volume/Hr Capacity LOS 
Guaymas 2 268.15 1180.33 0.23 
Toll 1 3 140.00 1050.00 0.13 
Hermosillo3 2 556.05 1142.86 0.49 
Toll 2 3 216.00 1050.00 0.21 
Benjamin Hill 2 226.17 702.00 0.32 
Santa Ana 2 173.71 1152.00 0.15 
Toll 3 3 224.00 1050.00 0.21 
Imuris 2 224.16 1152.00 0.19 
Toll 4 3 294.00 1050.00 0.28 
Nogales, AZ 3 872.00 1672.00 0.52 
Tucson 2 4314.00 4271.00 1.01 
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3. Railroad Capacity 

3.1. Single Track Rail Freight Capacity 
The characteristics of the railway in the Corridor are consistent at both sides of the border from 

the Port of Guaymas to the City of Tucson. The railway has a single line without block signals. 

The regular size of the trains in this corridor is around 105 cars that can have an approximate 

length of 6,500 feet. The size of the trains limits the use of the sidings available, so the sidings 

used in the corridor are in Table 8.  

 

 

3.2. Methodology 
The methodology we used to calculate the capacity of the railway was developed by PMM & CO. 

(Peat, Marwick and Mitchell, 1975). Their method was specifically developed for the Federal 

Rail Road Administration (FRA). The procedure is based on the parametric analysis of a series of 

rail line cases simulated by a computer train dispatching model. The main contribution of this 

method is the use of regression techniques to the analysis of different types of trains and the 

application of these formulas without having to develop simulation models for different 

characteristics of the trains. 

  

The main factors considered in the analysis are the average speed of the trains, the average 

spacing between the sidings on the line and the use of block signals and the space between them. 

Table 8 –Corridor Sidings 

Length (meters)   Km. 
Sidings between Tucson-Nogales: 

Sahuarita    2,440               -76 
Rio Rico    1,830   -14 

Sidings between Nogales-Hermosillo: 
 Agua Sarca (Medium)    1,851     18 
 Imuris      2,704     64 
 Benjamin Hill      2,831   150 
 Carbo       3,207   208 
There are 3 additional sidings in the Hermosillo-Emplame line: 
 Torres      1935   318 
 Moreno     2138   349 
 Santa Rosa     1903   389 
The main stations in the rail line are: 
 Tucson                   -105 

Nogales          0 
 Hermosillo       269 
Emplame         413 
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These different parameters generate delays for the trains that are dispatched on the railroad on a 

given day. For example the use of sidings spaced at around 21.8 miles (Figure 3) generates delays 

of around an hour per train when approximately 10 trains use a segment of 100 miles on a given 

day. That indicates that the total running time of the train has been reduced, reducing at the same 

time the capacity of the railway. The same criterion is used for the rest of the factors we use for 

the analysis of the railroads: Train speed (Figure 4) and block signal spacing (Figure 5). These 3 

factors have the highest contribution to the capacity of the railway, so we only focus on these 3 

for the purpose of our rough capacity estimate. 

 
Figure 3 – Train Volume-Average Delay Relationship for Configurations of 100 Mile Rail Line 

 
 

Figure 4 – Delay Slope vs. Uniform Speed 
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Figure 5 – Delay Slope vs. Block Length 
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Figure 6 — Characteristics of the Railroad Sections 
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Following this methodology in Figure 6 we present the main railroad sections of the corridor 

together with the information of the main factors required for the calculating its capacity. As we 

can see the Mexican side has been partitioned in 3 segments, from Emplame-Hermosillo, 

Hermosillo-Benjamin Hill and Benjamin-Hill-Nogales. The American side from Nogales to 

Tucson is considered as a single segment. In the following sections we describe in detail the 

estimation of the capacity following PMM’s methodology. 

 

The capacity of the railway is calculated based on the delay that the trains are forced to endure 

and the effects of that delay in the capacity of the rail line. The Modal capacity of a railway with 

a single line, line in terms of maximum permissible delay, expressed in trains per day is the 

following:  







=

LK
A

C c 100
. 

where,  
C:  Measure of modal capacity in trains per day, 
Ac:  Average delay per train at capacity (in hours, exclusive of scheduled delays), 
K: Delay slope (for a 100 mile line), 
L:  Length of line (in miles), 

 

a
acbbAc 2

42 −+−
= , is the average delay per train, in hours.   

   

2*125.973
L
Sa = , 

L
DPb *7085.151*2765.67 +

= , 

I
SL

Mc ++





−=

15015041432.1 , 

where, 
M = Maximum allowable total running time (12 hours less allowance for terminal time). 
S = The speed of the slowest class of through trains 
P = Dispatching peak factor = (trains per peak hour during peak/ trains peak hour off 
peak)-1 
D = Directional factor = (trains in dominant direction/trains in opposite direction)-1 
I = Amount of imposed delays on regular freight trains (such as required stops including 

the start and stop time) 

3.3. Calculating the Delay Slope (K) 
The parameters of each one of the factors (speed, sidings and block signals) are compared against 

the base model (Table 9). The difference between them has to be considered and its effect should 

(9) 

(10) 
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modify the results obtained. The way to include the effects of these factors for our particular 

system is by calculating the difference with the base model: 

om KfK =  (Delay slope, expressed in hours per 100 miles)   
where, 

Ko = Delay slope for the base case 
mf = Compounded effects of the different factors compared to the base case. 

 
Ko = 0.04538 (Base case scenario) 

       
  

where, 
= Component of factors which increase the slope 
= Component of factors which decrease the slope 
 

      

‘ 

 

where, 

 NI   = Number of slope increasing modifications 
 ND = Number of slope decreasing modifications 
 ƒoi = The delay adjustment factor 
 Pi = The percent change in parameter i 
 

)(2/1
)(

oi

oi
i VV

VV
P

+
−

= ,        

where Vi is the data we obtained from the system and Vo is the parameter from the base model. 

The data for the base model can be consulted on Table 9 which represents the default data for the 

base model. Consulting Table 9 we can find the values for Vo and Vi for the most important 

policy variables. As mentioned before we concentrated for the purpose of the current system in 

only 3 changes to the base model: speed, average space between sidings and block signals. The 

other parameters are assumed the same as the ones for the base case with a single rail line shown 

in Table 9. 

The Assumptions We Used for All the Segments are the Following: 

M = 10 hours 
P = 0 (No peaking) 
D = 0 (No imbalance) 
I = 1.233 

 

(11) 

(12) 

(13) 

(14) 

( )[ ]
( ) ( )[ ]1

)1(

−−=

−−=
−∑

∑
D

Pi
oid

I
Pi

oii

NfC

NfC

dim CCf /=

iC
dC
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Detailed Information for Each One of the Segments: 

Empalme – Hermosillo 
L = 140.6 Km = 87.36479 mi 
Average speed = 43 mi/hr 
Average distance between sidings: 45 miles 
S= 43 miles (Speed of slowest train) 

Hermosillo – Benjamin Hill 
L = 126.1 Km = 78.35491 mi 
Average speed = 46 mi/hr 
Average distance between sidings: 37 miles 
S= 43 miles (Speed of slowest train) 

Benjamin Hill – Nogales: 
L = 144.9 Km = 90.03669 mi 
Average speed = 38 mi/hr 
Average distance between sidings: 44 miles 
S= 43 miles (Speed of slowest train) 

Nogales-Tucson: 
L = 65 miles 
Average speed = 35 mi/hr 
Average distance between sidings: 28.4 miles 
S= 35 miles (Speed of slowest train) 
 

Following this methodology, we demonstrate the calculations performed to get the capacity of the 

first segment (Empalme-Hermosillo).  Using the information provided we made 4 modifications 

to the base case scenario. The first change involved the average speed of the train over the 

Table 9 - Policy Variables and Parameters for Modifying the Base Case 
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segment from 32.8 to 43 miles per hour. The second change was a modification to the speeds of 

trains, since the base case assumes that some classes of trains have different speeds, but in our 

case all the trains run at the same speed. The third modification consisted in the use of block 

assignments, between the sidings, since blocks are segments of the railroad assigned to a single 

train through the control of a central dispatcher, and they assign according to the sidings 

available. Finally the average space between sidings was changed from the base case of 8.82 to 

45 miles on average.  

For each of these changes we required the delay adjustment factor (foi) for each of the cases, 

obtained from Table 10. One example is the use of the foi for siding average spacing, since in our 

case the number is 43 miles, then we look in Table 10 for the closest case for siding separation, 

which is 21.4 miles, so we use the adjustment factor 2.8556 from that table. 

 

The results of these changes are presented in Table 11, where we show the use of the formulas 

(14), (13), (12) and (11) to calculate the delay slope (K), which is 2.5079*.04538= 0.1138 

according to Formula (11).  

Table 10 - Delay Adjustment Factors for Different Changes to the Base Case 
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The second result we need is the average delay per train at capacity (Ac) from Formula (10) 

obtained in the following calculation: 

=
−

=
5.3548)(2

-10.951)(5.3548)(4
cA  1.43 

Finally we use the results from the delay slope Formula (9), and the average delay per train at 

capacity (Ac) from Formula (10): 







=

4.87
100

1138.
43.1C = 14.38 

We follow this same methodology for all the remaining segments of the railroad, and we present 

a summary of these results in Table 12. 

 

 

Table 11 - Calculation of the Compounded Effect of the Different Factors 
 Vo Vi Pi foi Ci Cd fm K 

Speed 32.8 43.0 0.2691 0.7062  1.0981   
Uniform 0.5 1.5 1.0000 0.7062  1.4160   

Block 0.5 1.5 1.0000 2.6890 2.6890    
Siding 21.4 45.0 0.7108 2.8558 2.1084    

    Σ 3.7974 1.5142 2.5079 0.1138 
 

Table 12 - Results of Capacity and Utilization for the Different Line Segments 
Segment Speed Block Sidings Length Capacity Volume Utilization 

Emplame-Hermosillo 43 1 45 87 14 6 42% 
Hermosillo-B.H. 46 1 37 78 18 6 34% 

B.H.-Nogales 38 1 44 90 14 6 44% 
Nogales-Tucson 35 1 29 65 19 6 31% 
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